Inspired by nature, functionalized nanopores with biomimetic structures have attracted growing interests in using them as novel platforms for applications of regulating ion and nanoparticle transport. To improve these emerging applications, we study theoretically for the first time the ion transport and selectivity in short nanopores functionalized with pH tunable, zwitterionic polyelectrolyte (PE) brushes. In addition to background salt ions, the study takes into account the presence of H + and OH − ions along with the chemistry reactions between functional groups on PE chains and protons. Due to ion concentration polarization, the charge density of PE layers is not homogeneously distributed and depends significantly on the background salt concentration, pH, grafting density of PE chains, and applied voltage bias, thereby resulting in many interesting and unexpected ion transport phenomena in the nanopore. For example, the ion selectivity of the biomimetic nanopore can be regulated from anion-selective (cation-selective) to cation-selective (anion-selective) by diminishing (raising) the solution pH when a sufficiently small grafting density of PE chains, large voltage bias, and low background salt concentration are applied.
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Introduction
Inspired by biological protein channels, synthetic nanopores decorated with a variety of functionalized macromolecules have developed many environmental stimuli, such as pH, [1] [2] [3] [4] [5] [6] [7] [8] [9] voltage, 3 temperature, 10 ionic species, 11 and light. 12 Among them, pH-tunable biomimetic nanopores, nanosized pores in solid-state membranes modified with pH-regulated polyelectrolyte (PE) brushes, have attracted more attention due to their potential applications in diverse fields, including energy transduction, 1 ionic gates, 2-5 ionic pumps, 6 nanofluidic diodes 7, 8 and biosensors, 9 to name a few. It has been discovered that the performance of these applications is affected significantly by the charge property of PE layers and ionic conductance behavior in the nanopore, which are very sensitive to pH stimuli. Recent studies strongly suggest that as the size of pores is narrowed to the thickness of electric double layer (EDL), unique ion transport properties, not observed in microscale pores, emerge, such as ion selectivity, 13, 14 ion concentration polarization (ICP), [15] [16] [17] and ion concentration rectification et al. 28 investigated the ionic conductance in PE-modified nanopores with considering the molecular organization under an applied electric field. They found that the molecular structure of PE chains deform significantly, which in turn affects the ionic conductance in the nanopore, when the molecular length of PE chains is too long and the applied electric filed is large. Applying the same molecular theory, the same group further discussed the possibility of using nanopores with outer membranes functionalized with PE brushes of bipolar charges and found excellent rectification behavior in the nanopore. 29 Until recently, the analyses on the electrokinetic ion 30 and nanoparticle 31, 32 transport, ICP, 33 and ICR 34 in nanopores functionalized with PE brush layers have been made by using the coupled
Poisson-Nernst-Planck (PNP) and modified Stokes-Brinkman equations. Nevertheless, the systems described above assumed that the PE brushes carry homogeneously fixed charges, implying that the charge density of PE layers is independent of the solution pH and salt concentration, and only considered the influence of the background salt ions on the conductance behavior in the nanopore. The understanding of the pH-tunable biomimetic nanopores is therefore still very limited by the fact that the presence of H + and OH − ions is often neglected, and its response to and its impact on the charge density of PE brush layers and other ion transport phenomena (e.g., ion selectivity and ICP) have not been investigated.
In this work, we present the first theoretical attempt to investigate the ionic conductance, ICP, and ion selectivity in a pH tunable, zwitterionic PE brush-functionalized nanopore as
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Nanoscale Accepted Manuscript functions of the background salt concentration, pH, grafting density of PE chains, and applied voltage bias. To mimic the pH-tunable nature of bioinspired nanopores, our model extends the previous continuum-based model (see Theoretical Model section), which has been verified and is suitable for describing the underlying physics of ion transport in PE layer-modified nanopores, [30] [31] [32] [33] to the more general case with considering the presence of H + and OH − ions and chemistry reactions of the functional groups on PE chains. We show that the ion selectivity of the nanopore can be actively regulated by adjusting the solution pH under certain conditions.
Theoretical Model
As schematically shown in Fig. 1 , we considered a cylindrical nanopore of radius n R and length n L fabricated in a solid-state membrane, which separates two large, identical reservoirs of radius r R and length r L . Both the nanopore and two reservoirs are filled with incompressible electrolyte solution containing M types of ionic species. PE brushes, referred to as PE layer, of uniform thickness m h are end-grafted to the entire membrane wall surface. We assume that the PE layer is ion-penetrable and homogeneously structured. For simplicity, the morphology deformation of the PE layer is neglected, which is valid if the length of polymer chains is not too long. 35 Due to the axial symmetry, the cylindrical coordinate system, r and z, is adopted with the origin located at the center of the nanopore.
It is known that molecular chains in biological systems generally reveal a pH regulation nature, implying that their charges are exquisitely dependent on the local concentration of protons. To mimic the pH-regulated nature of biological ion channels, we assume that the PE brushes carry zwitterionic functional groups (e.g., lysine), PE~COOH and PE~NH 2 , capable of proceeding the following dissociation/association reactions: 
Suppose that the two reservoirs are large enough so that the concentration of the jth ionic species at positions far away from the nanopore maintains its bulk value, 0 j C (mM). To simulate experimental conditions, we assume that the background salt is KCl, and HCl and The following verified continuum-based model, 13, 30, 32, 36 taking into account the presence of multiple ionic species, 32 is employed to describe the physics of the electrokinetic ion and fluid transport in nanopores:
(i) Multi-ion Poisson-Nernst-Planck (PNP) equations for the electrical potential V and the ionic mass transport: 
Here, 
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is the fluid velocity with r e and z e being the unit vectors in the r-and z-directions, respectively; 1 i = and 0 are the regions inside and outside the PE layer, respectively. Note that the aforementioned PNP equations could not be replaced by the Poisson-Boltzmann equation 37, 38 because the EDLs in the considered system are strongly overlapped and the ICP effect is significant.
(ii) Modified Stokes-Brinkman and continuity equations for the flow field:
Here, µ and p are the fluid viscosity and hydrodynamic pressure, respectively;
is the softness degree of the PE layer with m γ being the hydrodynamic frictional coefficient of that layer. 39 Because the ionic current in nanopores is not significantly affected by the flow field, 13, 31, 38 in the present study m λ is fixed at 1 nm, which is typical to biological PEs (ca. 0.1-10 nm). 40 The following boundary conditions are assumed for the above highly coupled governing The ion conductance and selectivity of the nanopore, G and S , respectively, can be evaluated by 14 , 36
and ca an ca an
In the above, Ω denotes either end of two reservoirs, and The above strongly coupled model is solved numerically by COMSOL Multiphysics (version 4.3a), operated in a high-performance cluster. The model without considering the charge regulation and multiple ionic species has been validated to be sufficiently efficient and 
Results and Discussion
For illustration, we consider a PE layer-modified nanopore with radius 14 nm 48 Consequently, the isoelectric point (IEP) of the PE layer is 5.6. At which is significant at the condition of significant EDL overlapping (e.g., at low salt concentration) and for nanopores with high surface charges, the smaller is the nanopore conductance at relatively larger 0 V . This is because as 0 V increases, the movement of ions
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Nanoscale Accepted Manuscript through a nanopore will be electrostatically obstructed by an appreciable enrichment of ions at one side of the nanopore due to the significant ICP effect. As a result, the rate of increase in the ionic fluxes with increasing 0 V is smaller than that of increase in 0 V , leading to a smaller nanopore conductance at larger 0 V . In the present case, if pH is close to the IEP of PE layer, the ICP effect, due to a small charge density of PE layer, is insignificant, so that the nanopore conductance is nearly independent of 0 V . Moreover, if pH is apparently higher than the IEP of PE layer, the PE layer-modified nanopore is negatively charged and attracts . This is because the overlapping of EDLs in the PE layer-modified nanopore becomes less significant, and so does the ICP effect, due to an appreciable increase in the ionic strength from OH − ions.
It is worth noting that if pH is apparently lower than the IEP of PE layer (5.6), the charge density of PE layer is positive, which makes coions, including H + and K + ions, difficult to migrate through the nanopore. Furthermore, the proton concentration at low pH is comparably high. In this case, even though a portion of H + ions is capable of being electrokinetically driven into the nanopore, yielding a higher local proton concentration inside the PE layer, the charge density of PE layer hence becomes large. This prevents more protons migrating through the nanopore, and results in an apparently uneven distribution of protons between the nanopore and reservoirs, and, therefore, a significant ICP effect, as schematically shown in Fig. 3b . In this case, the nanopore conductance also becomes smaller for larger 0 V .
Ion concentration polarization
To further understand the ICP phenomenon in the pH-tunable, PE layer-modified nanopore, Fig. 4 in Fig. 4a-d . Because the charge density of PE layer increases with the deviation of pH from its IEP, the PE layer-modified nanopore carries more positive charges at lower pH 2.2 = compared to pH 5 = , leading to a more significant exclusion of H + ions outside the nanopore and, therefore, ICP phenomenon ( Fig. 4a-b) . Fig. 4a -b also reveals that the larger the 0 V , the more significant the ICP effect. This can be attributed to the same reason of a significant exclusion effect of H + ions by the PE layer-modified nanopore with positive and high charges as mentioned previously.
On the other hand, if pH 5.6 > , the PE layer-modified nanopore becomes negatively charged, leading to more counterions ( H + and K + ) attracted into and coions ( Cl are the same, the ICP phenomenon in the former is apparently more significant than that in the latter regardless of the levels of 0 V . In addition, with 0 V increasing from 0.2 to 1 V, the degree of ICP phenomenon at lower pH 2.2 = becomes more appreciable than that at higher pH 9 = . This explains why the nanopore conductance decreases with an increase in 0 V at relatively low pH , as shown in Fig. 2 . 
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indicate that the assumption of homogeneously fixed charge density of PE layer 28-30, 32, 33, 51-53 is inappropriate and might result in an incorrect estimation for the ion transport in such soft nanofluidics with a surface modification of PE brushes. (Fig. 8d) , pH is slightly lower than 5.6 ( Fig. 8a and c) , or b C is sufficiently high (inset in Fig. 8a and c) . The selectivity of anions for a positively charged nanopore is expected.
Ion selectivity
The apparent reverse of the ion selectivity for a positively charged nanopore is unexpected and has not been reported previously. Because the concentration of H + ions, which have greater ionic mobility than other three ionic species, becomes higher at relatively lower solution pH, its transport phenomenon might dominate the ion selectivity behavior in the nanopore. As pH decreases, an increase in the concentration of H + ions leads to an increase in the ionic current from cations ( ca I ) and then the selectivity of cations (i.e., an increase in 
Conclusions
The electrokinetic ion transport in a pH-tunable, biomimetic polyelectrolyte (PE) layer-modified nanopore connecting two large reservoirs, a typical bioinspired device widely used in modern nanotechnology, is studied theoretically for the first time. To mimic the pH-regulated nature in biological systems, the developed model extends the existing ones, where the charge density of PE layer is assumed to be a constant and only the background 
